Spin-orbit torque (SOT) represents an energy efficient method to control magnetization in magnetic memory devices. However, deterministically switching perpendicular memory bits usually requires the application of an additional bias field for breaking lateral symmetry. Here we present a new approach of field-free deterministic perpendicular switching using a strain-mediated SOT switching method. The strain-induced magnetoelastic anisotropy breaks the lateral symmetry, and the resulting symmetry-breaking is controllable. A finite element model and a macrospin model are used to numerically simulate the strain-mediated SOT switching mechanism. The results show that a relatively small voltage (±0.5 V) along with a modest current (3.5 × 10 7 A/cm 2 ) can produce a 180° perpendicular magnetization reversal. The switching direction ('up' or 'down') is dictated by the voltage polarity (positive or negative) applied to the piezoelectric layer in the magnetoelastic/heavy metal/piezoelectric heterostructure. The switching speed can be as fast as 10
Deterministic control of magnetism is a key feature for non-volatile magnetic memory devices.
One of the most well developed switching mechanisms is spin-transfer torque (STT).
1-3 However, STT-MRAM (magnetic random-access memory) is facing endurance issues because the high current density required for writing damages the thin insulating barrier. 4 For this reason, researchers have begun to investigate spin-orbit torque (SOT) approaches. The SOT switching mechanism offers higher endurance since the write current does not pass through the insulating barrier. Also, SOT is considered to be more energy efficient than STT and theoretically requires lower current density for switching. 5 For magnetic memory devices, memory bits with perpendicular magnetic anisotropy (PMA) are desirable because they have higher thermal stability and smaller footprint compared to in-plane memory bits. 6, 7 However, out-of-plane (OOP)
switching in memory bits with PMA remains a challenge for SOT devices.
Deterministic OOP switching in SOT devices usually requires an external magnetic bias field, [8] [9] [10] but the necessity of the bias field sacrifices energy efficiency and becomes awkward for on-chip application. Field-free deterministic OOP switching has been achieved by breaking the lateral symmetry using the non-uniform oxidation by the wedge shape, 11 tilted anisotropies, 12 an exchange-bias from an adjacent antiferromagnetic layer, 13, 14 or a dipole field from an nearby magnetically fixed layer. 15 However, all of these symmetry-breaking methods are non-controllable once the devices are built. To address this issue, researchers have recently developed an SOT device that uses an in-plane electric field to achieve controllable symmetry-breaking. 16 However, this field-free deterministic OOP switching still relies on an induced unidirectional anisotropy, similar to previously listed symmetry-breaking methods. Here, we present a new symmetry-breaking method that uses bidirectional/uniaxial anisotropy instead, which may lead to a new genre of SOT devices with controllable deterministic OOP switching ability.
In particular, this paper demonstrates that strain-induced magnetoelastic anisotropy can feasibly serve as the symmetry-breaking mechanism. The magnetoelastic anisotropy is induced in the magnetoelastic material (e.g., CoFeB) by locally straining an attached piezoelectric layer through externally applied voltage. The strain-induced magnetoelastic anisotropy is uniaxial since the piezo-strains are uniaxial in nature. This form of strain-mediated control represents the most energy efficient way to control magnetism in the nanoscale in current technologies. [17] [18] [19] [20] In this paper, we first show the simulation results of the strain-mediated SOT switching for a representative magnetoelastic/heavy metal/piezoelectric heterostructure. A model that couples micromagnetics, piezoelectricity, elastodynamics, and spin-orbit torque has been used to simulate the switching process. It is demonstrated that the controllable strain-induced magnetoelastic anisotropy can break the lateral symmetry and enable deterministic OOP switching. The switching direction is dictated by the polarity of the applied electric field. Then this fully coupled model is complemented by a macrospin model to plot switching phase diagrams that narrow the design space. The simulation results are followed by the theory explanations. Finally, we present a potential MRAM design based on the strain-mediated SOT method.
Finite element model setup and results. Fig. 1a shows the magnetoelastic/heavy metal/piezoelectric heterostructure simulated in the finite element model. The magnetic element is a CoFeB disk with a 50 nm diameter and a 1.5 nm thickness. Underneath the CoFeB disk, there is a canted thin (< 10 nm) heavy metal (e.g., Ta) strip and the SOT current is applied 45° counterclockwise from the -y axis. The SOT current causes spin polarized electrons to accumulate at the magnetoelastic/heavy metal interface. As shown in Fig. 1b , the spin polarization is perpendicular to the applied current as ! = (1,1)/ 2, which then exerts spin-orbit torque on the CoFeB magnetic moment. 5, 11, 21 The heavy metal strip is attached to a 100 nm-thick Pb[Zr x Ti 1-x ]O 3 (PZT) substrate poled along the z axis. Two 50 nm × 50 nm electrodes are placed on PZT top surface and are 20
nm from the CoFeB edge along the y direction, while the bottom of the PZT is electrically grounded. The assumptions, boundary conditions, and material parameters are described in the Methods section. The CoFeB magnetization is initialized as 'up' (i.e., pointing to the +z direction).
At t = 0, a −0.5 V voltage is applied to the two top electrodes and a current with density of 5 × 10
7
A/cm 2 is applied to the heavy metal strip simultaneously. Both voltage/current inputs are removed at t = 2 ns. identified as the blue and red portions of the response, respectively. As can be seen, the magnetization stabilizes at 2 ns is down-canted (i.e., m z < 0) before removal of the voltage/current.
Therefore, upon removal of both voltage and current (t = 2 ns), the magnetization preferably selects 'down' to its new equilibrium state (i.e., m z = −1). Thus, during this voltage/current application and subsequent removal, the magnetization undergoes 180° OOP switching from 'up' to 'down'.
To better understand the magnetic switching process, Fig. 1e provides magnetic vector diagrams at four representative time points corresponding to the four data points highlighted in as 'up', while at t = 0.2 ns the spins rotate to in-plane through 90° switching. The coherent switching observed is attributed to the relatively small CoFeB disk's diameter compared to its single-domain limit. 20, 23 After t = 0.2 ns, the magnetization starts to cant down and remain in the -z space in the following process. At t = 2 ns, the magnetization stabilizes in a down-canted direction (see Fig. 1d ) with m z = −0.23 for this specific voltage/current combination. At t = 12 ns, the spins reach a new equilibrium state (m z = −1). It can be inferred that removing the voltage/current at any time after 0.2 ns will result in deterministic magnetic switching from 'up' to 'down', which corresponds to a 5 GHz writing speed. Increasing voltage or current magnitudes increases writing speed up to ~10 GHz (see Supplementary Note 3 and Supplementary Fig. S3 ).
For simplicity, in the following results, we only focus on the m z temporal evolution during the application of voltage/current during t = 0 ~ 2 ns. If one reverses the current direction in Fig. 2a by 180°, which is not shown here, the final state is the same, i.e., pointing 'down'. This can be explained as follows. If one rotates the xy coordinates with respect to z axis by 180°, the SOT current reverses direction while the voltage-induced strain remains the same due to its uniaxial nature. This means that the two cases (positive/negative applied current) are physically identical. Therefore, the final states for positive and negative applied current are the same. In contrast, reversing the voltage polarity reverses the final state. As shown in Fig. 2c , for the +0.5 V case, the principal tension and compression directions is reoriented by 90° compared to −0.5 V case shown in Fig. 2a , and the corresponding magnetoelastic field is now along ±x axis (not shown here). The switching results for the configuration in producing magnetization rotation of less than 90°. Finally, the type IV state represents continued magnetic oscillation, which is beyond the scope of this work and is not discussed in detail.
In the first parametric study, which consists of 2,601 cases (i.e., a 51 × 51 grid), the biaxial strain and the current density are varied while the relative orientation is fixed as θ = 45°. Fig. 3c shows the switching phase diagram, and the four separate regions correspond to the four types of magnetic state shown in Fig. 3b . The successful switching cases (region I) are further examined in Fig. 3d . The m z amplitude at t = 2 ns is illustrated in color for each case, and the diagram is smoothed using linear interpolation. The switching initiates when the biaxial strain is as low as
As the strain increases, the threshold current (i.e., the minimum current that enables switching) decreases. In other words, a tradeoff exists between the threshold strain and threshold current. In this case, the threshold current reaches a minimum of ~1 × 10 7 A/cm 2 at 3000 µ$ strain amplitude. Further strain increase does not continue to reduce the threshold current because oscillations begin to occur.
The second parametric study also consists of an additional 2,061 cases (i.e., a 51 × 51 grid) with fixed biaxial strain $ %& = $ (( − $ ** = 1500 µ$ while varying θ and current density. Fig. 3e shows the switching phase diagram for this parametric study. Only three types of magnetic states (type I, II, and III) are found, with the magnetic oscillation (type IV) being absent due to the relatively small strains investigated. Therefore, applying H Uni along the direction of current is equivalent to applying a bidirectional external bias field H b along the current. As shown in Fig. 4c , this results in two magnetic stable states in the second and the fourth quadrants in the xz plane. Specifically, the branch of H Uni that is parallel to the SOT current prefers an end-state canted 'up', while the branch of H Uni that is anti-parallel to the SOT current prefers an opposite end-state, i.e. canted 'down'. The dependence of the switching direction on the external field direction agrees with experimental results shown in previous research, 8 where opposite switching behaviors were observed when using Pt as the heavy metal. Note Pt is known to exhibit the opposite SOT switching behavior in contrast to Ta used in our simulation. 24 In conclusion, when the uniaxial field is applied along the SOT current direction, the symmetry is not broken, and deterministic switching is not produced. to the symmetry breaking. Because the projection of H Uni onto the SOT current is anti-parallel to the current, it is equivalent to applying an external bias field anti-parallel to the current, as shown in Fig. 4f . Therefore, the symmetry is broken and only a down-canted state in the fourth quadrant is allowed, while the states in other quadrants are unstable/prohibited. This agrees with the simulation results presented in Fig. 2b , which showed that final states are always down-canted regardless of initial states.
Figs. 4(g-i) show the symmetry analysis when H Uni is applied 45° counter-clockwise relative to the current I in xy plane. This configuration is the same as in Fig. 2c , where +0.5 V voltage is applied to the PZT top electrodes. Similar to previous situation shown in Fig. 4 (c-e), only one branch of H Uni is effective during the switching process depending on the direction of D ?@ .
However, the projection of the effective H Uni onto the SOT current is now parallel to the current.
Therefore, the effective H Uni is equivalent to applying an external bias field parallel to the current, as shown in Fig. 4i . The symmetry is also broken and the up-canted state is selected. This agrees with the simulation results presented in Fig. 2d of the H Uni is effective. This is equivalent to applying a bias field that is anti-parallel to the SOT current, and only the down-canted state is favorable. This corresponds to the situation in Fig.   2(a,b) . (g-i) Symmetry analysis for the scenario in which H Uni is applied 45° counter-clockwise relative to current I in the xy plane. Also, due of the presence of spin-orbit torque D ?@ , only one branch of the H Uni is effective. This is equivalent to applying a bias field that is parallel to the SOT current, and only the up-canted state is favorable. This corresponds to the situation in Fig. 
2(c,d).
Architecture of MeSOT-RAM. Based on the strain-mediated SOT switching mechanism demonstrated above, we are able to design a magnetic memory system. In conclusion, a finite element model and a macrospin model are used to simulate strainmediated SOT switching of a nanomagnetic structure with PMA. The switching is field-free, fast, and deterministic. The final magnetic state depends on the polarity of the applied voltage, but does not depend on the initial state. The lowest threshold current required for the switching is as small as 1 × 10 7 A/cm 2 with the lowest threshold biaxial strain required for switching is 230 µ$ .
Optimizing the structure geometries and materials may further decrease the threshold current and threshold strain thus increase energy efficiency. 
where m is the normalized magnetization, G H the vacuum permittivity, γ the gyromagnetic ratio, ℏ the reduced Planck constant, e the elementary charge, O P the current density, ! the polarized spin accumulation, 0 the Gilbert damping factor, F R the thickness of the free magnetic layer, Q ? the saturation magnetization, and S TU is the damping-like spin Hall angle. Note the field-like term is not considered in the calculation since it is believed to have no deterministic effect on the magnetization switching. 27 
where c * , c ( and c d are components of normalized magnetization along x, y and z axis, B 1 and B 2 are first and second order magnetoelastic coupling coefficients. The magnetic material is assumed to be polycrystalline allowing magnetocrystalline anisotropy to be neglected. The formula for calculating demagnetization and exchange field is given by Liang et al. 22 thus not repeated here. Thermal fluctuations are neglected in all calculations.
Assuming linear elasticity and piezoelectricity, the behavior of the piezoelectric thin film follows: A/cm 2 , and angle θ = 45°, θ is defined in Supplementary Fig. S1 . The shadowed region (t = 0 ~ 2 ns) represents the time in which the strain and current are applied. In this region, the two models produce very similar magnetization reorientation results. The main reason for this agreement is the magnetoelastic field H ME dominates to orientation and both models have the same form for H ME .
However, after the strain and current are removed (2 ~ 12ns period), the two lines become slightly different. This difference is associated with the internal rise in exchange anisotropy (due to slight variations in m) which the finite element model considers but is neglected in the macrospin model.
Regardless, Supplementary Fig. S1 shows the macrospin model is sufficiently accurate to simulate the strain-mediated SOT switching.
Supplementary Figure S1 . Simulation results of finite element model and macrospin model for the same structure shown in Fig. 1a in the main text.
Supplementary Note 2. Impact of initial states
Supplementary Fig. S2 shows macrospin model results for different initial magnetic states. For all cases, a voltage of ±0.5V and a current density 5 × 10 7 A/cm 2 is applied for the geometry shown in Fig. 1a in the main text. The initial state + , is varied from −0.9 to +0.9. As shown in Supplementary Fig. S2(a) , the final state for +0.5V applied voltage is always canting upward (+ , = +0.23) regardless of the initial states. And Supplementary Fig. S2(b) indicates that the final state for −0.5V applied voltage is always canting downward (+ , = −0.23) regardless of the initial states. In summary, the initial state has no impact on the final state. This is in complementary to Supplementary Fig. 2 in the main text to prove that the final state is not dependent on the initial state. 
Supplementary

Supplementary Note 4. Mirror symmetry analysis of symmetry breaking
Supplementary Fig. S4 -1 provides an explanation of the mirror symmetry rules used in this manuscript. As shown in Supplementary Fig. S4-1(a) , for ordinary vectors such as velocity, any component that is perpendicular to the mirror reverse their direction in the mirror reflection.
However, any vector component parallel to the mirror remains in their original direction after the mirror reflection. The opposite is true for a pseudovector (or axial vector) such as magnetic field or magnetization. As shown in Supplementary Fig. S4-1(b) , 1 for these pseudovectors, any component perpendicular to the mirror remains in its original direction in the mirror reflection.
However, any pseudovector component parallel to the mirror reverses its direction in the mirror reflection. Supplementary Fig. S4-3 shows mirror symmetry analysis with respect to xz plane for strainmediated systems. While the field-like SOT term is absent in the simulations for simplicity, both damping-like and field-like spin-orbit torques are considered here in the mirror symmetry analysis to provide a more complete understanding. Similar to Supplementary Fig. S2 , the two scenarios considered are a ferromagnetic layer with PMA (the green sheet) and the blue parallelograms represent the mirror in the xz plane. Also, the electron polarization is along -y axis, i.e. 1 = −2.
Supplementary
Therefore, the damping-like SOT field is 3 456789 ∝ ;×1 = 2×; and the field-like SOT field is 3 4567=9 ∝ 1 = −2.
In Supplementary Fig. S4-3(a) , a uniaxial tensile strain along x axis is applied to the SOT system such that the strain and applied current are parallel to each other. This introduces a magnetoelastic field 3 >? ∝ + " @ (see Eq. 2 in main text of the paper). Because the strain is uniaxial, a bidirectional arrow along the x axis is drawn to represent H ME . Following the mirror symmetry rule of an axial vector, the two parts (yellow and red) of H ME both reverse their directions after mirror reflection. However, overall H ME still looks the same since the bidirectional arrow sits along the x axis in both configurations. The magnetization and damping-like field reverse their directions as they are pseudovectors and are parallel to the mirror. The field-like field remains the direction as it is perpendicular to the mirror. In Supplementary Fig. S4-3(a) , both configurations in the real world and mirror image have the same inputs: current along -x direction and H ME along x direction. However, they have opposite magnetization states. In other words, both "up" and "down" magnetization configurations are allowed when the strain and current are parallel. This results in an absence of a preferable perpendicular direction, and the symmetry is unbroken.
Therefore, deterministic switching cannot occur. One can easily obtain the same conclusion, i.e., no deterministic switching happens when the strain is perpendicular to the current.
In Supplementary Fig. S4-3(b) , the H ME is canted from the current. Following the mirror symmetry rule of pseudovectors, the two parts (yellow and red) of H ME both change directions after mirror reflection transformation. H ME arrows change relative orientation in its mirror image.
All other vectors have the same directions with Supplementary Fig. S4-3(a) , thus the mirror reflections of them are not repeated here. In Supplementary Fig. S4-3(b) , the configurations in the "real world" and the "mirror world" have different inputs: same current along -x direction but different H ME . The symmetry is broken when the strain is canted from the current. A unique m z (either up or down) arises based on H ME and current direction, and deterministic switching is allowed.
Supplementary Figure S4-3.
Mirror symmetry analysis with respect to xz plane for strainmediated SOT system with both damping-like and field-like SOT fields considered. The green sheet represents the ferromagnetic layer with PMA, while the blue parallelogram represents the mirror in xz plane. (a) Mirror symmetry analysis when magnetoelastic fields H ME is parallel to the current. The 'real world' and the 'mirror world' have the same inputs (i.e., current and H ME ) but opposite magnetization states. Therefore, both magnetization states exist given the same inputs, and the symmetry is not broken. (b) Mirror symmetry analysis when H ME is canted from the current. The H ME changes orientation in its mirror image. Therefore, the 'real world' and 'mirror world' have different inputs. A unique magnetization is chosen for each H ME orientation and the lateral symmetry is broken.
Supplementary Note 5. Mathematical explanation for deterministic switching
As a complementary explanation to mirror symmetry analysis, we provide a mathematical approach to examine the stochastic nature of the switching process for different physical inputs (e.g., current and strain). The precessional magnetic dynamics are governed by the Landau- 
For a certain magnetic materials and geometries, the PMA coefficient is a constant. Refer to Eq. states. In conclusion, if SOT is the only input to the system, either the magnetization is forced to follow the electron polarization in-plane, or there are symmetric neutral equilibrium states out-ofplane, and deterministic switching is not produced.
Case 2: consider the current is applied along -y axis, which is parallel to the strain. The electron polarization has to be perpendicular to the strain (i.e., x axis), so let 1 = (1,0,0). The equilibrium equation becomes: (ii) If + ( = 0, symmetric solutions arise to Eq. S14. However, the divergence of total torque is always zero as:
n • O PQP = −2f+ ( = 0 ( Eq. S15)
This means the out-of-plane solution, if there is any, is always a neutral equilibrium state. In conclusion, if the system has strain and current inputs that are parallel to each other, then either magnetization follows the electron polarization in-plane, or there are symmetric equilibrium states out-of-plane. Therefore, deterministic switching is not produced. The divergence of the total torque is: n • O PQP = − 2f(+ ( + + " ) ( Eq. S17)
Obviously there is an absence of in-plane solutions because: if one let + , = 0, then there is only trivial solution m = (0,0,0) to Eq. S16. However, this does not satisfy Eq. S8. Therefore, no inplane solution is possible for Eq. S16. In other words, the equilibrium state is always out-of-plane.
Inferred from Eq. S17, in the paired solutions ±(+ YD , + cD , + lD ), there is always one stable state and one unstable state, i.e. a specific direction (either up or down) is stable. Therefore, deterministic switching is produced.
Using this method, one can also arrive at the conclusion that applying bias field leads to deterministic switching. In conclusion, checking the divergence of the total torque is an equivalent method to mirror symmetry analysis, and both methods predict whether deterministic switching is possible.
